Abstract-The research studied how body size affects wing shape and arrangement of veins in a wide range of families of dipteran insects (Diptera). Body mass and thorax length were used as criteria reflecting body size. Wing shape was characterized by aspect ratio and position of geometric center relative to its longitudinal axis. Allometry of venation was studied by geometric morphometric methods. It was found that character of dependence of wing shape on body size among Brachycera and Nematocera is different. Aspect ratio increases with body size in Nematocera, in Brachycera any correlation is absent. Shift of geometric center of a wing towards its base at the increase in body size is observed for Brachycera, for Nematocera no correlation is noted. It was shown that allometric component of the variation in arrangement of veins varies significantly between different families. With increase in body size, for most Brachycera-Cyclorrhapha studied (Calliphoridae, Muscidae, Sarcophagidae, Sepsidae, Tachinidae), shifts of r-m vein in basal direction and dm-cu vein in apical direction are noted. In Brachycera-Orthorrhapha suborder (Asilidae, Dolichopodidae, Empididae, Rhagionidae, Tabanidae), the point of intersection of veins R 2 + 3 and C shifts towards the apex. For representatives of Nematocera (Chironomidae, Limoniidae, Tipulidae), shifts of the point of intersection of veins CuA 2 and C in basal direction and r-m vein in apical direction are characteristic. The obtained data confirms significant effect of body size on wing shape in Diptera. However, the character of allometry is not uniform in different suborders, apparently due to the fact that values of flight parameters (wing frequency, stroke amplitude), relative wing size (wing area to body size ratio) and wing venation vary greatly in dipterans. It can be concluded that body size is not the principal factor affecting wing shape within the order Diptera.
The phenomenon of allometry is convincingly proved for many animals, including insects [1] . It is known that in insects body size has a significant impact on wing shape and position of veins, at the level of orders and families [2, 3] , and even the intraspecific level [4, 5] . Such allometric changes may have adaptive significance for insects [6] . For instance, miniaturization leads to reduction of venation and development of fringe wings [7] , which apparently correspond to flight adaptations at small sizes and low Reynolds numbers. The dependence of position of geometric center and wing aspect ratio on body size has been revealed in some Hymenoptera [3] . On this basis, we suggested the presence of similar allometry in Diptera. The purpose of our study was to assess dependences of wing shape and character of venation on body size among dipterans.
MATERIALS AND METHODS
The study was conducted on 527 individuals of 58 genera of 26 families of Diptera (Table 1) . Insects used in this work were caught between 2010 and 2015 in forest parks of Moscow and on the territory of S.N. Skadovsky Zvenigorod Biological Station.
Each species in our study is represented by one sex in order to secure results from probable effect of wing shape sexual dimorphism, which is reported by certain authors [8] [9] [10] . Mainly males were studied, because body mass of females can undergo significant changes in the course of reproductive cycle. Exceptions were made for blood-sucking (Culicidae, Tabanidae) and parasitic (a few Bombyliidae, Tachinidae) Diptera, since the capture of males of these insects turned out difficult.
Body mass of an insect was measured with an analytical balance following fixation by ethyl acetate vapors. In cases when body mass of an individual was below the threshold of measurement, a sufficient quantity of insects of one species was weighed at a time, and the obtained value was divided by the number of individuals in order to calculate the average body mass. For the body length measure we used thorax length. Wing length (l), wing area (S) and the dis- tance from apex to the point of orthogonal projection of geometric center on its longitudinal axis (l c ) were measured in AutoCAD (Autodesk, Inc., USA) on the photographs of wings obtained using a microscope with apochromatic objective lenses. Wing aspect ratio was calculated from the formula: AR = l 2 /S. We used l c /l ratio to estimate the position of geometric center along longitudinal axis of a wing (Fig. 1) . Geometric center of a wing is calculated as the center of mass of a plane figure, formed by wing's contour.
Median values of parameters were calculated for each species. The need of use of medians instead of mean values of the parameters measured is motivated by relatively small sample sizes, and the distributions in general are far from normal [11] . We performed regression analysis of median values of the parameters studied to reveal allometric changes in wing shape and applied Major Axis Estimation using the R package SMATR [12] .
The major part of the material was selected for the analysis by geometric morphometric methods: 415 individuals -representatives of 30 genera from 16 families ( Table 1) . Photographs of wings with damage unsuitable for geometric morphometrics were not included in further analysis.
For designation of veins we applied the nomenclature used in "Manual of Nearctic Diptera" monographs [13, 14] and some other more recent sources. Landmarks were put at wing's base, in points of branching and points of intersection of veins, including points where veins go into the edge of a wing. In cases where veins get thinner similar to a fold, but do not reach the edge of a wing, landmarks were put at points where wing's edge is crossed by a supposed lines continuing such veins. In cases where veins end Asterisks (*) mark species, included in the analysis by geometric morphometric methods. abruptly, landmarks were placed on end points of such veins. Doing so, we used only Type 1 and Type 2 landmarks [15, 16] . Digitalization of landmarks and creation of files with Cartesian coordinates and outline drawings of wings were made using programs tpsUtil and tpsDig2 [17, 18] . Landmarks were put twice for each wing [19] to minimize errors, and the coordinates then were averaged. Morphometric analysis of shape coordinates was carried out in MorphoJ program [20] . Statistical analysis was performed using STATISTICA 10 (Statsoft, Inc., USA).
RESULTS

Regression Analysis of Morphological Parameters of Wings
Allometric dependences of wing shape parameters on size parameters (body mass and thorax length) were obtained independently from each other. AR and l c /l change variously in nematocerans and brachycerans with increase in body mass and thorax length. AR is not correlated with body size in Brachycera-Сyclor-rhapha and Brachycera-Orthorrhapha, while in Nematocera we have found a direct dependence: AR = 5.13m 0.02 (Fig. 2a) . However, among Nematocera no correlation of geometric center of a wing with body mass and thorax length was found, while in Brachycera l c /l shifts towards the base at the increase of body mass: the dependence takes form l c /l = 0.44m 0.03 for Brachycera-Cyclorrhapha suborder and l c /l = 0.44m 0.02 for Brachycera-Orthorrhapha suborder, slopes of regression lines do not differ significantly (Fig. 2b) . The above-listed dependences behave similarly if using thorax length as a variable, that characterizes body size.
Geometric Morphometrics
Analysis by geometric morphometric methods was performed separately for representatives of each family. However, in some cases wing venation was not uniform within a family. One way of solution of this problem was to exclude part of the species from the analysis (e.g., in case of Syrphidae), another way was to leave non-homologous regions without landmarks (e.g., in case of Limoniidae).
Regression analysis has shown that centroid size, being a sum of all interlandmark squared distances, is directly dependent on body mass and thorax length. For this reason centroid size can be used as a criterion that indicates body size.
Regression of the Procrustes coordinates on centroid size was performed to reveal changes in the arrangement of wing vein elements. Wing shapes of separate specimens served as independent variables. Variation of shape variables can be divided into residual and predicted; the latter reflects differences, related to changes in centroid size and, hence, body size [5, 21] . For Conopidae and Psilidae, the dependence of wing shape on centroid size was not statistically significant (p > 0.05) at the given sample sizes according to permutation test (equivalent to Goodall's F-test), for this reason both these families were excluded from further analysis. It was found that percentage of allometric shape variation differs considerably in the groups selected and constitutes from 12 to 74%. Spearman rank correlation coefficient between percentage of predicted regression related to total and variation coefficient of centroid size of each family studied was calculated to estimate the dependence of percentage of allometric shape variation on body size range. No correlation was revealed (r s = 0.38, p = 0.14). This suggests that percentage of predicted regression varies notably between families.
In order to reveal the dependence of arrangement of veins on centroid size, the analysis of allometric component of shape variation was carried out with application of relative warp method. Results of this analysis are represented on Fig. 3 . On the whole, no common trends were revealed for all groups studied, however positions of certain veins in each suborder have similar dependences on centroid size. With increase of centroid size in Brachycera-Cyclorrhapha (Calliphoridae, Muscidae, Sarcophagidae, Sepsidae, Tachinidae), shifts of r-m vein in basal direction and dm-cu vein in apical direction are noted. In Brachycera-Orthorrhapha (Asilidae, Dolichopodidae, Empididae, Rhagionidae, Tabanidae), the point of intersection of veins R 2 + 3 and C shifts towards the apex. For representatives of Nematocera (Chironomidae, Limoniidae, Tipulidae), shifts of the point of intersection of veins CuA 2 and C in basal direction and r-m vein in apical direction are characteristic. 
DISCUSSION
The shift of geometric center in apical direction at the decrease in body size in Brachycera is apparently associated with changes in aerodynamic properties of wings. The smaller insect is, the more inconvenient is the use of small angles of attack of a wing. At low Reynolds numbers, rowing flight (with large angles of attack) is more effective, besides most of the aerodynamic force is created by the drag of wings [22] . An increase in apical region of a wing can be adaptive under such conditions, because this part of wings has the maximum velocity and, consequently, relatively higher drag.
Elongation of wings with increase in body size has been shown for Hymenoptera [3, 23] . It is advantageous for large insects to have long narrow wings due to peculiarities of formation of attached vortices of the leading edge at relatively high Reynolds numbers [24] . Our results obtained for Nematocera are consistent with this assertion. However, aspect ratio does not correlate with body mass in Brachycera, that may be the consequence of greater variety of these insects studied compared to nematocerans studied. Previously, we have shown [25] that representatives of different families of Brachycera demonstrate a fairly wide range of flight parameters, such as wingbeat frequency and stroke amplitude. Relative wing size (the ratio of wing area to body mass) can vary significantly among representatives of different families at similar body mass. Since wing shape is associated with its aerodynamics and flight parameters, wide variability of the latter does not allow to assess the effect of body size on aspect ratio. Common trends in allometry of venation were not found, probably due to greater diversity in location of veins within the order. Flight parameters such as wingbeat frequency and stroke amplitude are also concerned with wing shape, their values vary considerably in dipterans [26, 27] . It can be assumed that body size is not the main factor determining wing morphology in Diptera.
